In individuals with chronic kidney disease, high dietary phosphorus (P) burden may worsen hyperparathyroidism and renal osteodystrophy, promote vascular calcification and cardiovascular events, and increase mortality. In addition to the absolute amount of dietary P, its type (organic versus inorganic), source (animal versus plant derived), and ratio to dietary protein may be important. Organic P in such plant foods as seeds and legumes is less bioavailable because of limited gastrointestinal absorption of phytate-based P. Inorganic P is more readily absorbed by intestine, and its presence in processed, preserved, or enhanced foods or soft drinks that contain additives may be underreported and not distinguished from the less readily absorbed organic P in nutrient databases. Hence, P burden from food additives is disproportionately high relative to its dietary content as compared with natural sources that are derived from organic (animal and vegetable) food proteins. Observational and metabolic studies indicate nutritional and longevity benefits of higher protein intake in dialysis patients. This presents challenges to providing appropriate nutrition because protein and P intakes are closely correlated. During dietary counseling of patients with chronic kidney disease, the absolute dietary P content as well as the P-to-protein ratio in foods should be addressed. Foods with the least amount of inorganic P, low P-to-protein ratios, and adequate protein content that are consistent with acceptable palatability and enjoyment to the individual patient should be recommended along with appropriate prescription of P binders. Provision of in-center and monitored meals during hemodialysis treatment sessions in the dialysis clinic may facilitate the achievement of these goals.
C hronic kidney disease (CKD) affects Ͼ20 million Americans and is associated with high morbidity and mortality (1) . The progressive deterioration of kidney function in CKD leads to retention of many substances, including phosphorus (P), that are normally excreted by the kidney. Serum P concentration, however, is usually maintained within the normal range of 2.5 to 4.5 mg/dl by a variety of compensatory mechanisms until renal disease has progressed to approximately stage 5 CKD or ESRD (2) . An effective mechanism is the reduction in renal tubular absorption of phosphate (PO 4 ; i.e., increased fractional excretion of P regulated by parathyroid hormone [PTH] and the phosphatonin fibroblast growth factor 23) (3, 4) .
In recent years, a number of epidemiologic studies have
shown an association between high serum P levels and increased death risk in both dialysis-dependent patients with ESRD (5, 6) and individuals with less advanced stages of CKD (7) , hyperphosphatemia in these latter patients also seems to be associated with a faster rate of CKD progression (8) . Indeed, emerging data indicate that in individuals who do not have apparent CKD and have high normal serum P levels, the risk for coronary artery calcification and mortality is increased (9 -11) . Hence, relative hyperphosphatemia may represent a novel cardiovascular and death risk factor (12) . Similarly, it is possible,
although not yet proved, that interventions aimed at dietary P restriction may improve cardiovascular profile and survival even in individuals with high-normal or borderline elevated serum P levels.
sively in the anion form, PO 4 . The first recorded generation of elemental P was in the late 17th century from a preparation of urine, which usually contains considerable quantities of dissolved PO 4 (13) . Bone ash was another major source of P until the mid-19th century. The most important commercial use of P-based chemicals is the production of fertilizers. P compounds are also widely used in explosives, nerve toxins, friction matches, fireworks, pesticides, toothpastes, detergents, and food additives (14) .
As an essential biologic element, P is required by all cells for normal function and is a critical component of all living organisms (15) . In the body, the great preponderance of P is found as PO 4 , 85% of which exists in bone and teeth as the calcium PO 4 salt hydroxyapatite. Phospholipids (e.g., phosphatidylcholine) are major structural components of cell membranes (16) . Energy production and chemical storage of energy are dependent on phosphorylated compounds, such as adenosine triphosphate and creatine PO 4 . Nucleic acids are long chains of PO 4 containing molecules (17) . A number of enzymes, hormones, and intracellular signaling molecules depend on phosphorylation for activity. P is an important buffer of hydrogen ion in body fluids. The P-containing molecule 2,3-diphosphoglycerate binds to hemoglobin in red blood cells and facilitates oxygen delivery to the tissues of the body (15) .
Dietary P and its Metabolism
Because P exists in virtually all living organisms, it is found in most foods. The main food sources of P are the protein-rich food groups, including dairy products, meat, and fish (see below). According to the Food and Nutrition Board of the Institute of Medicine, the recommended dietary allowance for P is 700 mg/d in healthy adults; in older children and pregnant women, an allowance of up to 1250 mg/d has been suggested (17) . There is net absorption of P through the intestinal tract (measured as diet minus feces) of approximately 40 to 80% of the dietary P, based on the type of the diet (see below) and the effects of such hormones as nonselective active vitamin D compounds (calcitriol), which increase the intestinal absorption of P (18) .
After intestinal P absorption, only small amounts of P are excreted into the feces, sweat, and saliva, but this proportion of total P output can be increased with worsening renal function (19) . In individuals without far advanced kidney failure, Ͼ95% of the excretion of the absorbed P is through urine (20) . Normally, approximately 70 to 90% of the P filtered by glomeruli is reabsorbed by the renal tubular cells; this is controlled by PTH and fibroblast growth factor 23, both of which decrease the tubular P reabsorption (3). Hence, higher dietary P intake rarely leads to major changes in serum P concentrations in people with normal or partly attenuated renal function as long as the renal fractional excretion of P can be proportionately increased (21) .
Serum P levels can rise slightly with a high-P diet, especially immediately after a P-rich meal (3). High serum P concentrations inhibit the renal 1-␣-hydroxylation of vitamin D, leading to a reduction in serum calcium (22) . Elevated serum P may also suppress serum calcium by causing a saturated serum calcium-P product to precipitate in tissues. These factors can promote increased release of PTH (23) . Frequent or sustained elevations of PTH levels can have adverse effects on bone mineral content and architecture, although the significance of such borderline or temporary hyperparathyroidism without kidney dysfunction is unclear (24) . A controlled trial of young women found no adverse effects of a P-rich diet of up to 3000 mg/d on bone-related hormones and biochemical markers of bone reabsorption as long as dietary calcium intakes were maintained at almost 2000 mg/d (25) . At present, there is no convincing evidence that the usual P intake in the United States adversely affects bone mineral density in individuals without CKD; however, a recent study that used a food frequency questionnaire showed that higher dietary P intake or P-toprotein ratio was associated with increased 5-year death risk in 224 prevalent hemodialysis patients (26) .
Organic P and Dietary Protein
Because organic P is largely bound in vivo to proteins and other intracellular, carbon-containing molecules, P is naturally found in foods that are rich in protein (27) . As shown in Table  1 , animal-based foods that are abundant in organic P include dairy products, meat, poultry, and fish. Organic P is hydrolyzed in the intestinal tract and then absorbed into the circulation as inorganic PO 4 (28) . Usually only 40 to 60% of organic dietary P is absorbed (29) . Complexity is added by the variable digestibility of dietary nutrients and bioavailability of dietary P. Digestibility of P from animal-derived foods is higher than plant proteins (see below). Moreover, meat products are frequently "enhanced" by the addition of PO 4 additives (see below), which may markedly increase the total P content.
There is a strong and positive correlation between dietary protein and P intake, which is responsible for the frequent association of high protein intake in the diet with excessive ingestion of P and the development of hyperphosphatemia in people with CKD (27) . Boaz and Smetana (27) examined the dietary intake of 104 Israeli patients with CKD, including 73 men (mean age 65.6 years), using a food frequency questionnaire. They developed the following regression equation for the relationship between protein and P intake, which can account for 84% of the variance in dietary P intake:
Dietary P (mg) ϭ 128 mg P ϩ (dietary protein in g) ϫ 14 mg P/g protein In a similar approach, we examined daily P and protein intake in 107 maintenance hemodialysis (MHD) patients from eight DaVita clinics in Southern California who participated in the Nutritional and Inflammatory Evaluation of Dialysis Patients (NIED) Study (30, 31 There was a strong linear association (r ϭ 0.91, P Ͻ 0.001) between the dietary protein and P content ( Figure 1 ). The following regression equation accounted for 83% of the variation (R 2 ϭ 0.83) Dietary P (mg) ‫؍‬ 78 mg P ؉ (dietary protein) ؋ 11.8 mg P/g protein It is important to note that high R 2 values in both our and Boaz and Smetana's (27) regression equations indicate a good model fit and not necessarily good prediction for individual values (32) .
Consistent with these data, a recent epidemiologic study of 30,075 MHD patients found that the predialysis serum P increased incrementally as the normalized protein nitrogen appearance (nPNA), also known as normalized protein catabolic rate (nPCR), rose; the nPNA reflects the protein intake in MHD patients ( Figure 2 ) (33). Hence, a higher dietary protein intake in patients with CKD not only predisposes to a greater P intake but also may lead to worsening hyperphosphatemia; however, it is important to appreciate the wide range of variation in the proportion of P from different types of protein-containing foods. A relevant example is the egg white, which has only 1.4 mg of P per gram of protein, whereas egg yolk contains 22.8 mg of P per gram of protein, or 16 times more P per gram of protein (see Table 1 ).
P Intake from Plant Foods: The Role of Phytate
Whereas many fruits and vegetables contain only small amounts of P, organic PO 4 is found naturally and abundantly in some plant seeds, nuts, and legumes. Unlike P in meat that is present as organic phosphates in intracellular compartments and that is easily hydrolyzed and readily absorbed, P in plants, especially in beans, peas, cereals, and nuts, is mostly in the form . e P from nuts, seeds, and grains is Յ50% bioavailable than phosphorus from other sources (see text) (9) . f See also Table 4 for the role of additive in the variation of P content of various cheese types. g High in sodium.
of phytic acid or phytate (34, 35) . Because humans do not express the degrading enzyme phytase, the bioavailability of P from plant-derived food is relatively low, usually Ͻ50% (36). Hence, despite the "apparently" higher P content of some plants (see Table 1 ), the actual result may be a lower rate of intestinal P absorption per gram of plant protein than animalbased protein (37) . When healthy humans are given the same amount of dietary P from either animal or plant foods, urinary P excretion is higher with the meat-based diet (38) . The apparently high content of P in plants seeds (see Table 1 ) has traditionally led to an emphasis on restricting such plant foods as beans for fear of worsening hyperphosphatemia in patients with CKD (39) . Notwithstanding the wisdom of such prudent recommendations, in our opinion and given the role of phyate in inhibiting the intestinal P absorption, plant foods are somewhat less likely to increase P burden. Nonetheless, even with a lower fractional rate of intestinal absorption with such foods as beans, a large bean intake can still lead to an excessive P burden. There are several important considerations in this regard. First, some seeds and beans have a high content of potassium (see Table 1 ), which may contribute to worsening hyperkalemia in patients with CKD. Second, yeast-based phytase in whole grains makes the P content of leavened breads more prone to intestinal absorption than cereals or flat breads (40) . Finally, the effect of probiotics on enhancing phytateassociated P release and absorption is not clear.
Inorganic P in Additives
P is the main component of many preservatives and additive salts found in processed foods (39, 41) . Additives are used in food processing for a variety of reasons, including to extend shelf life, improve color, enhance flavor, and retain moisture (37, 42) . The presence of inorganic P is often obscured by the use of complex names for the ingredients (43, 44) . Commonly used additives, all containing PO 4 moiety, are listed in Table 2 . Common sources of inorganic P include certain beverages, enhanced or restructured meats, frozen meals, cereals, snack bars, processed or spreadable cheeses, instant products, and refrigerated bakery products (45, 46) . Even though the PO 4 salts named in Table 2 may be listed under the ingredients of the food manufactured for consumption in the United States, the Food and Drug Administration does not require manufacturers to list the quantity of P per serving on food labels (47) . There is no accurate or reproducible method to distinguish between protein-based organic and preservative-based inorganic P in food (48, 49) .
Implications of P Burden from Additives
Inorganic P, such as P additives, are not protein bound; they are salts that more readily disassociate and are absorbed in the intestinal tract (50). Indeed, it is believed that Ͼ90% of inorganic P may be absorbed in the intestinal tract, as opposed to only 40 to 60% of the organic P present in natural foods (51, 52) . The major public health implication from these considerations is that the P burden from inorganic P-containing food additives is disproportionately high relative to organic P. In the early 1990s, P additives contributed approximately 500 mg/d P to the American diet, whereas today P additives may contribute as much as 1000 mg/d P to the average American diet (37, 51, 53, 54) .
In one study, eight healthy volunteers were fed a diet that contained the same amount of dietary protein (95 g/d) and energy (2200 cal/d) for 4 weeks. Initially, the foods offered contained little or no P-containing food additives. After 4 weeks, foods with a large amount of P additives were offered to the participants (50). This intervention led to an increase in their total P intake from 979 to 2124 mg/d. The introduction of foods that contain PO 4 additives was associated with intestinal distress, soft stools, and/or mild diarrhea and led to increases in serum P levels and urinary P excretion and decreases in serum calcium and urinary calcium concentrations (50). These changes are analogous to those seen in experimental animals that were fed high-P diets, which are associated with enhanced PTH release, similar to secondary hyperparathyroidism observed in CKD (55) . Hence, not only may processed foods contain a high amount of P in addition to the P naturally present, (i.e., up to 2 times higher), but also the P is also more readily absorbed because it is in an inorganic form. Two food items are of special relevance to patients with CKD: Soft drinks and cheese. Substantial amounts of phosphoric acid are usually present in most colas and many other beverages but not in root beer, for instance (Table 3 ) (53). Many but not all clear-colored soft drinks or teas are low in P (Table  3 ) (46); however, most of these drinks contain little to no protein or other organic compounds, and the P is almost exclusively from additives. Being in liquid form, the inorganic P in these drinks are perhaps even more readily absorbable. The high additive-based P burden is a dietary challenge in almost all nations throughout the world. Table 4 illustrates variations in P content across diverse types of cheese in German-speaking regions of Europe. The quantity of P in a 50-g portion of cheese varies from Ͻ100 mg in Brie cheese to almost half a gram in processed soft cheese, which contains a significant amount of P salt (45, 46) .
Balancing Dietary Protein and P Intake in CKD
The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines recommend that maintenance dialysis patients take a relatively high protein intake of 1.2 g/kg body w per d (56). Epidemiologic studies indicate that a higher nPNA (nPCR) up to 1.4 g/kg per d (i.e., equivalent to a dietary protein intake of roughly 1.5 to 1.6 g/kg per d) is associated with the greatest survival in MHD patients (57) . Nevertheless, as discussed, a higher protein intake is usually associated with greater P intake and increased likelihood of hyperphosphatemia, as shown in Figure 2 . Conversely, dietary P restriction to control serum P is often associated with a reduction in protein intake, which is associated with protein wasting and poor survival. A recent 3-yr epidemiologic study of 30,075 prevalent MHD patients showed that a decline in predialysis serum P and a concomitant decline in dietary protein intake were associated with an increase in the risk for death (33) . In that study, serum P had a J-shaped association with mortality ( Figure 3) , whereas a combination of changes-drop versus rise-in predialysis serum P during 6 months and a change in the opposite direction-rise versus drop-in protein intake during the same period of time (measured by changes in nPNA or nPCR during 6 months) had a linear association with the survival, greater versus worse survival, respectively ( Figure  4) . In this study, the MHD patients whose protein intake rose while their serum P declined over time showed the greatest survival (33) . The authors speculated that the risk of controlling serum P by restricting dietary protein intake may outweigh the benefit of lower serum P and might lead to greater mortality. Additional studies, including randomized, controlled trials, should examine whether restriction of nonprotein sources of P is safer and more effective. A recent randomized, controlled trial showed that P intake may be decreased by restricting intake of enhanced food with P-containing additives (37) . Although it is possible that this dietary modification did not substantially reduce protein intake, the latter study did not present data on this question (37) .
Metrics for Dietary P Management in CKD: P-to-Protein Ratio
The dietary P is usually expressed in milligrams per daily food intake. The recommended daily allowance for intake of P for healthy adults is between 700 and 1250 mg (17) ; however, a person who is ingesting 70 to 90 g/d protein will usually eat substantially more P than the daily allowance. The K/DOQI guidelines recommend up to 1000 mg/d dietary P for patients with CKD to allow for adequate palatability of the diet (56). Dietary P, however, is often underestimated. A study by Oenning et al. (58) compared three methods of estimating dietary P content using both standard food tables and chemical analyses of 20 meals and found that all methods significantly underestimated the dietary P content by 15 to 25%. In that study, the food tables underestimated the P content of the meals compared with the chemical analyses by an average of 272 mg/d (58) . Assessment of P content of diets with more than five processed, convenience, or restaurant foods underestimated the measured P content by an average of approximately 350 mg/d. Available nutrient databases do not reflect the extra P content as a result of the dietary additives. Such variations and inaccuracies in P content may make it difficult for patients and dietitians to estimate P content accurately.
Because protein intake is an important component of the therapeutic treatment of patients with CKD and because foods with high protein content are major sources of organic P, a more suitable dietary P metric for patients with CKD may be the ratio of P (in mg) to protein (in g) for a given food item. The metric P-to-protein ratio, which is also recommended by the K/DOQI guidelines (56), has several advantages: (1) It is independent of the size of food portion or serving; (2) it focuses simultaneous attention on both dietary P and protein, which both are important in the nutritional treatment of patients with CKD; (3) the ratio is higher for foods that have unusually high amounts of P additives but similar amounts of protein (e.g., different types of cheese; see Tables 1 and 4) , allowing more commensurate comparison of food items by both patients with CKD and health care providers; and (4) it calls attention to foods that are excessively high in P and especially P additives, such as soft drinks, but contain little or no protein. This should result in heightened awareness of these food sources of excessive P that are often of low nutritive dietary value. A limitation of the absolute P content and P-to-protein ratio is that they do not provide information about the bioavailability or intestinal absorption of P in different food types (e.g., vegetarian diet).
Sherman et al. (43) recently measured the P and protein content of 44 foods, including 30 refrigerated or frozen precooked meat, poultry, and fish items, using the Association of Analytical Communities official method and found that the ratio of P to protein ranged from 6.1 to 21.5 mg/g. The mean ratio was 14.6 mg/g in 19 food products that were labeled as having P as an additive as compared with 9.0 mg/g in the 11 items that did not list P additives. These authors also report that uncooked meat and poultry products that are "enhanced" may contain additives that increase P and potassium content by as much as almost two-and three-fold, respectively, and that this modification may not be stated in the food label (44) . As discussed, whereas inorganic P from additives are 90% absorbable, roughly 40 to 60% of P in foods derived from animals is absorbed by the intestine, and P in plant foods may have even lower bioavailability. Notwithstanding these limitations, the use of metric P-to-protein ratios still seems valuable for dietary treatment and education of patients with CKD. In Table 1 , food items are ranked according to their P-to-protein ratio. The lowest amount of P in proportion to the quantity and quality of protein comes from animal-derived foods (average 11 mg of P per 1 g of protein), including egg whites and pork rinds, whereas whole eggs, dairy products, legumes, and lentils have higher P-to-protein ratios (average 20 mg of P per 1 g of protein). Egg white, an unusually rich source of high-biologicvalue protein, has one of the lowest P-to-protein ratios and is also devoid of cholesterol; hence, it is a particularly healthful food source of protein for dialysis patients. In contrast, egg yolk is very high in both the P-to-protein ratio and cholesterol (see Table 1 ).
Conclusions
Dietary intake of P is derived largely from foods with high protein content or food additives and is an important determinant of P balance in patients who have CKD and have a greatly reduced GFR. PO 4 additives can dramatically increase the amount of P consumed in the daily diet, especially because P is more readily absorbed in its inorganic form. In contrast, plant foods, including seeds and legumes that are high in P, are usually associated with the least intestinal P absorption because of the phytate in these foods. Hence, the P burden from food additives in fast foods, soft drinks, and processed cheese and snacks is disproportionately high relative to its dietary P content compared with natural P sources from animal and plant protein. Information about the P content and type in prepared foods is often unavailable or misleading. In a recent random- ized, controlled trial, inorganic P in processed food contributed significantly to the P burden of dialysis patients (37) . The foregoing considerations strongly suggest that in patients with CKD, a mixed composition of dietary animal and plant foods that are rich in phytic acid should be encouraged, whereas the intake of processed foods should be limited. Of course, it is most important to restrict intake of P in all of its forms in the diet of patients with CKD. The increased use of P additives in food, coupled with the increased popularity of convenience foods and frequenting of fast food restaurants, has greatly increased the amount of P consumed by both the general population and patients with CKD. When health care workers and members of the population at large develop menus and meal plans for patients with CKD, we recommend that they consider both the absolute dietary P content and the P-to-protein ratio of foods and meals. More accurate reporting of P content of foods by manufacturers, especially when mandated by the Food and Drug Administration, may result in improved public health nutrition and healthier control of dietary P intake with less risk for developing protein malnutrition in people with illnesses that render them more P intolerant (43, 44) . Because a high protein intake and a concurrent low P intake and normal serum P seems to be associated with the lowest mortality in patients with ESRD (33), cooking modalities that can reduce P content (e.g., boiling) (48), use of selective vitamin D activators that lead to less intestinal P absorption (23) , diligent use of potent P binders with less pill burden (59 -62) , and patient-friendly educational tools such as the concept of dietary "phosphate unit" and its relationship with binder dosage (63) also are helpful. Meals that have lower amounts of organic and particularly inorganic P and are rich in high-value protein, along with P binders, can be provided during long hemodialysis treatment sessions to patients with CKD within inside dialysis clinics and monitored in-center by renal dietitians and nephrologists. Well-designed trials are needed to examine these hypotheses (4). The difference between nPNA and serum P concentration in each patient is a number between Ϫ0.98 and 0.98. The y axis shows the logarithm of the risk ratio of all-cause mortality during 3 years on the basis of a multivariable Cox regression spline model, adjusted for case mix and measures of nutritional status and inflammation. Dashed lines are 95% point-wise confidence levels. Each patient received a percentile score between 0.01 and 0.99 according to the percentile rank of the change in nPNA or serum P. Adapted from reference (33) , with permission.
